Thus the rat enzyme is approx. 91 % identical with bovine rhodanese, or about 980% similar when conservative substitutions are considered. In addition, the rat translation product contains a Gly-Lys-Ala C-terminal tripeptide that was not observed in the bovine peptide sequence. All cysteine and proline residues are invariant between the two mammalian proteins. Computer-generated structural modelling of rat rhodanese indicated that few amino acid substitutions were present within close proximity to the active site or within the hinge region (connecting loop) between the A and B domains. Furthermore, evidence is presented showing that rhodanese is highly conserved at the DNA level among rodents, primates and a variety of other vertebrates.
INTRODUCTION
Rhodanese (EC 2.8.1.1), a thiosulphate sulphurtransferase present in both eukaryotes and prokaryotes, has been extensively studied at the biochemical level. In eukaryotic cells, this mitochondrial enzyme, found in numerous tissues, is the product of a nuclear-encoded gene. Although the biochemical roles of rhodanese in vivo are not fully understood, this enzyme has been implicated in the formation of iron-sulphur complexes (Cerletti, 1986) and cyanide detoxification. Rhodanese accomplishes this by covalently transferring the sulphane sulphur atom of thiosulphate to cyanide, forming thiocyanate, thus preventing cyanide-mediated inhibition of electron transport at the cytochrome c oxidase step (see reviews by Westley, 1973 Westley, , 1981 .
The primary amino acid sequence of bovine liver rhodanese has been determined. This enzyme is expressed as a single polypeptide chain of 293 amino acid residues . X-ray crystallography has demonstrated that bovine rhodanese consists of two globular domains, A and B (residues 1-142 and 159-293 respectively), separated by a short connecting hinge region (Ploegman et al., 1978) . The A and B domains exhibit a high degree of tertiary structural similarity, although at the primary sequence level virtually no similarity is noticeable. The active site of bovine rhodanese is contained within the B domain, where Cys-247 acts as an intermediate acceptor of the sulphur atom from thiosulphate. Even though a considerable amount is known about rhodanese enzymology, little is known to date about the contribution of the A domain in catalysis and mitochondrial localization, and before the present work the cloning of a rhodanese gene from any species had not yet been published.
We have obtained cDNA clones to the rat liver rhodanese gene by screening a cDNA library with oligonucleotide probes complementary to portions of the known bovine rhodanese peptide sequence, which was assumed to be highly homologous between the two mammalian species. In the present paper we describe sequence and structural comparisons of rhodanese from rat and cow, based on the cDNA sequence derived from rat.
EXPERIMENTAL

General
Methods for A phage propagation and library screening, plasmid isolation and buffers used were as previously described (Maniatis et al., 1982) . A rat liver cDNA library was purchased from Clontech Laboratories (Palo Alto, CA, U.S.A.). This Agtl 1 '5' stretch' cDNA library was constructed from polyadenylated mRNA from adult male Sprague-Dawley rat livers.
Oligonucleotide probes
Oligonucleotides designed to isolate the rat rhodanese cDNA were based on the bovine rhodanese peptide sequence . Two oligonucleotides were synthesized corresponding to regions of the amino acid sequence that had the least redundancy at the third position of the codon. The nucleotides inserted at the third position of redundant amino acids were chosen on the basis of rat codon usage. Rhol, 5'-GTGTGGT-GGATGTTC /CGIGTGTTCGG-3', was synthesized and corresponds to amino acid residues 111-119 of the bovine rhodanese peptide sequence ('I' refers to inosine), and RhoIl, 5'-GTCAGGAAGTCCATGAAIGGCATGTTCAC-3', corresponds to amino acid residues 208-217 of the cow enzyme. The oligonucleotides were end-labelled with [y-32P] ATP with the use of T4 polynucleotide kinase. The specific radioactivity of each probe was 5 x 108 c.p.m./,ug.
DNA sequencing
The cDNAs from positive plaques were subcloned into pGEMcillin/ml, and the plasmids were isolated by the alkaline lysis method (Maniatis et al., 1982) . Double-stranded plasmid DNA was denatured in 0.2 M-NaOH/0.02 mM-EDTA at room temperature for 5 min. The solution was adjusted to 0.3 M-sodium acetate and the DNA was precipitated with ethanol. The nucleotide sequence was determined by the dideoxynucleotide chaintermination method (Sanger et al., 1977) The blot was pre-hybridized at 65°C for 1.5 h in 10 ml of 6 x SSPE/5 x Denhardt's solution/0.5 % SDS containing 0.5 mg of boiled and sheared salmon sperm DNA.
[1 x SSPE is 0.15 M-NaCl/10 mM-sodium phosphate buffer, pH 7.4, containing I mM-EDTA; 1 xDenhardt's solution is 0.020% Ficoll/0.02 % polyvinylpyrrolidone/0.02 % BSA.] The probe was labelled by random oligonucleotide primers, [a-32P]dATP and DNA polymerase I Klenow fragment with approx. 100 ng of a 1 kb EcoRI fragment containing the rat rhodanese cDNA (pRhoC, extending from Leu-5 to the 3' untranslated portion). This boiled probe (approx. 10 ,uCi/100 ng) was then added for hybridization for 26 h at 65 'C. Following the hybridization, the filter was rinsed twice in 2 x SSPE (65 'C, 15 min) and once in 2 x SSPE/0. 1 % SDS (65 'C, 15 min). Kodak XAR-5 film was exposed to this blot for 5 days at -70 'C with an intensifier screen.
chains of the substituted rat residues on an a-carbon backbone of rhodanese.
RESULTS AND DISCUSSION
In order to obtain cDNA clones to the rat liver rhodanese mRNA, we probed a rat liver cDNA library with radiolabelled oligonucleotide probes complementary to portions of the known bovine peptide sequence . The EcoRI DNA inserts from the positive clones were subcloned and subjected to DNA sequencing by the dideoxynucleotide chain-termination method (Sanger et al., 1977) . The strategy to obtain the rat rhodanese cDNA sequence is shown in Fig. 1 . The cDNA and derived polypeptide sequences for rat rhodanese are presented in Fig. 2 . The translation product of the rat open reading frame extends for at least 885 nucleotide residues followed by a short 3' untranslated sequence. Although attempts were made to obtain a full-length cDNA encoding the N-terminus of rat rhodanese, none of the positive clones that were obtained from this library extended 5' beyond His-2 of the bovine sequence.
A comparison of the rat amino acid sequence derived from its open reading frame and the published bovine peptide sequence is shown in Fig. 3 . A high degree of primary sequence similarity is evident between the two mammals. The cDNA sequence data provide further proof that mammalian rhodanese is expressed as a single polypeptide chain encoding both A and B domains. Assuming that the bovine rhodanese sequence obtained by peptide sequencing accurately represents its cDNA open reading frame, rhodanese from the two species differs at only 27 out of 289 amino acid residues, not including the C-terminal tripeptide.
In other words, they share 91 % identical amino acid sequence.
However, if one takes into account the degree of conservative amino acid substitutions made at these sites, only five of the 27 differences are strongly non-conservative (Dayhoff et al., 1978 
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*.* *--.  indicating that this active-site sulphane sulphur acceptor is conserved. Also, bovine residues Arg-186 and Lys-249 have been suggested previously to be involved in substrate binding, and these residues are conserved in the rat enzyme as well (Ploegman et al., 1978) . X-ray crystallography of bovine rhodanese demonstrated the presence of two parallel f-sheet structural motifs contained within the A and B domains (Ploegman et al., 1978) . Only five of the 54 amino acid residues differ within the parallel f-sheets. These differences occur at bovine residues 27, 99, 210, 241 and 270, and all are conservative substitutions. This observation suggests that the,fsheet motifs within rat rhodanese are not likely to be significantly altered, with respect to the bovine enzyme's structure. Most surprisingly, the hinge region between the A and B domains (bovine amino acid residues 143-158), which is located predominantly on the external surface of the A domain, was unaffected by amino acid substitutions with the exception of a single Ile-+Val conservative substitution (amino acid residue 151). We have also discovered a C-terminal Gly-Lys-Ala tripeptide sequence (adjacent to the UGA translational termination codon in the mRNA) in rat rhodanese that had not been found in the bovine peptide sequencing efforts.
In order to predict the effects of the 27 amino acid substitutions and terminal additions on the three-dimensional structure of rat rhodanese, a computer-generated structural analysis was performed on rat rhodanese. By introducing the rat substitutions into a model of the known X-ray-crystallographic structure of bovine rhodanese, followed by soft-shell minimization around
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A domain B domain N- Terminus  Fig. 4 . Predicted molecular model of rat rhodanese A stereo image of the computer-generated model of rat liver rhodanese is shown diagrammatically, displaying the a-carbon backbone and the side chains of the rat amino acid substitutions, relative to the bovine sequence (a detailed description of how this model was produced is found in the Experimental section). The A domain represents His-2-Ser-142, and includes a presumed Met-Val (-1 to + 1) dipeptide at the N-terminus. The interdomain connecting loop (Hinge) consists of the region from Glu-143 to-Arg-158. The rat conservative amino acid substitution side chain of Val-151 is visible on the periphery of this image. The B domain extends from Ser-159 to the C-terminal Gly-Lys-Ala tripeptide at positions 294-296.
these alterations, an energetically optimized model of the rat enzyme's structure was generated. The a-carbon backbone tracing of this molecule, with substituted side chains, is presented as a stereo image in Fig. 4 . Only four of the amino acid differences between the two species are likely to be located with 1 nm (10 A) of the active-site Cys-247 atoms. The active-site-proximal residues are in rat. None of these substitutions appears likely to exert profound effects on the active site of rhodanese. Ploegman et al. (1978) suggested that the following residues were likely to perform structural and catalytic roles in the bovine rhodanese active site: the hydrophobic residues and the hydrophilic residues . Yet none of these presumably critical residues is altered in the rodent liver rhodanese open reading frame. Taken together, these data strongly suggest that the active sites of bovine and rat rhodanese are essentially identical.
Also noticeable in the rat rhodanese structural model are the solvent-exposed external domains of the N-and C-termini. The external location of these portions of rhodanese might allow them to be exposed to proteinases or other modifying enzymes, thus accounting for their absence from the derived bovine peptide sequence. Furthermore, by analogy with other nuclear-encoded gene products that are transported to the mitochondria, the Nterminus of rhodanese presumably plays a role in mitochondrial transport (reviewed in Hurt & van Loon, 1986) . Also, the Nterminal region of rat rhodanese is identical with the bovine enzyme, extending for at least 17 amino acid residues. This rhodanese N-terminal region exhibits both basic and hydroxygroup-containing amino acids, and lacks acidic residues, all of which are important features for the mitochondrial transport of other nuclear-encoded gene products (Hurt & van Loon, 1986) .
The apparent high degree of amino acid sequence similarity between cow and rat rhodanese prompted us to determine the extent of DNA sequence similarity between rat and other vertebrates. To accomplish this a Southern blot containing EcoRI-digested genomic DNA from various mammals and chicken was hybridized with a rat rhodanese radiolabelled probe (spanning from Leu-5 to the 3' untranslated end). The The rhodanese genes of the remaining mammals and chicken were also detected with the rat rhodanese probe, but hybridization to the rhodanese gene(s) of these species was less intense, indicating that these genes are less complementary to the rodent-specific probe. Apparently, only one genomic EcoRI fragment is recognized by the probe in most species, suggesting that only one diploid copy of this gene is present in most mammals, and that the cDNA representing the open reading frame is contained within a relatively small piece of genomic DNA (4.5-20 kb) in most mammals. The degree of cross-hybridization of a cloned gene probe from one species to the same gene(s) from other species has proven useful in studying phylogenetic relationships between species. The extent of cross-hybridization of a rodent rhodanese probe to other mammals (especially cow and man) indicates that, at the DNA sequence level, rhodanese genes exhibit a high degree of DNA (and thus amino acid) sequence similarity. The rat rhodanese probe was least complementary to the rhodanese genes of chicken, as expected for a non-mammal, and to rabbit, suggesting a significant amount of molecular divergence between rat and rabbit rhodanese genes. Molecular phylogenetic cladograms have been generated for a large number of mammals by comparison of amino acid residue or nucleotide changes within the derived sequences of certain genes, such as myoglobin and a-crystallin A-chain (McKenna, 1987) . In general, interspecies comparisons of distantly related mammalian species have demonstrated approx. 8-20 % amino acid sequence dissimilarities within essential genes (Kimura, 1983; Numa, 1986) . The approx. 90% (or less) dissimilarity at the amino acid sequence level between rat and cow rhodanese is unremarkable and consistent with previous reports comparing the open reading frames of other genes between distantly related mammals, such as cattle and rodents. Even though some molecular divergence has occurred within the rhodanese genes, we can conclude that a high degree of selective pressure (in population dynamic terms) has been applied to the maintenance of critical amino acid residues involved in the structural and catalytic properties of rat rhodanese.
